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Abstract: Polytetrafluoroethylene (PTFE), also known as Teflon, is a common material used in
the construction of liquid xenon detectors due to its high reflectivity for the VUV scintillation
light of xenon. We present transmission measurements of PTFE for xenon scintillation light with
peak emission at a wavelength of 175 nm. PTFE discs of different thicknesses are installed in
front of a photosensor in two setups. One is filled with gaseous xenon, the other with liquid
xenon. The measurements performed with the gaseous xenon setup at room temperature yield a
transmission coefficient of λ =
(
350+60−0 (sys) ± 50 (stat)
)
µm. This is found to be in agreement with
the observations made using the liquid xenon setup.
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1 Introduction
In the search for rare processes, such as the elastic scattering of particle dark matter off nuclei [1]
or the search for neutrinoless double beta decay [2], liquid xenon detectors have shown great
performance and excellent sensitivity [3–6]. These detectors reconstruct the energy deposited by
particles using xenon scintillation signals. Such signals are typically detected with photosensors
sensitive to vacuum ultraviolet (VUV) light. The scintillation wavelength of xenon is centered in
the vacuum ultraviolet regime at 175 nm as pointed in recent spectroscopic measurements [7] (in
contrast to previous measurements that reported the peak emission closer to 178 nm [8, 9]). In
order to efficiently collect the emitted photons in a detector, VUV reflectors are required. Current
liquid xenon (LXe) detectors employ polytetrafluoroethylene (PTFE, also known as Teflon) for this
purpose [10–13] due to its excellent reflectivity properties. The reflectivity of PTFE is measured to
be between 37% and 100% depending on the surface finishing and the surrounding medium [14–
17]. While measurements in vacuum [15] or argon atmosphere [14] point to lower reflectivity
values, the ones in LXe (direct measurements or extracted from MC/data comparisons) are close to
100% [15–17].
The reduction of experimental backgrounds is a major enterprise in experiments searching for
rare processes. Radioactive trace impurities, such as uranium and thorium, are commonly found
in most detector materials [18]. Their subsequent α-decays can cause the production of radiogenic
neutrons via (α, n) reactions. They can pose a dangerous background for dark matter searches as
they produce nuclear recoil signals identical to the ones expected by dark matter interactions [1].
Since the cross-section for (α, n) reactions on fluorine is high [19], the overall amount of PTFE
needs to be minimized. However, if a too thin sheet is employed, transmission of light through the
PTFE could become significant, leading to signal losses. Furthermore, experiments using an outer
veto detector, for example XENON100 [20] or LZ (in construction) [11], could suffer from light
leaking into the veto region, making data analysis significantly more complex. We report here on a
study of the transmissivity of PTFE for xenon scintillation light.
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2 Detector setups
Two setups are employed to measure the transmissivity of PTFE for xenon scintillation light. Most
of the measurements were performed in a small chamber at room temperature filled with gaseous
xenon (GXe). To check the behavior in LXe, additional tests were subsequently performed using a
LXe time projection chamber (TPC).
Figure 1 shows a schematic of the used room temperature setup. It consists of a 47 cm long
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Figure 1. Schematic of the room temperature setup.
stainless steel tube into which a structure holding both a photomultiplier tube (PMT) and a PTFE
disc is inserted. The tube is filled with GXe at an average pressure of (1098 ± 7)mbar. An 241Am
α-source (Qα = 5.5MeV), mounted on the tube backplate, is used to produce scintillation light
in the xenon gas. Since the scintillation spectra of GXe and LXe are very similar [8], this setup
is expected to be a valid approximation. The distance between the 241Am source and the PTFE
disc is fixed to (14.0 ± 0.3) cm using three threaded rods. Scintillation photons are detected via a
Hamamatsu R11410-21 PMT [21]. Its signal is recorded via a CAEN V1724 digitizer triggered by
an external discriminator. The PMT’s gain has been measured at several voltages during the testing
campaign described in [21].
PTFE discs in 6 different thicknesses, called attenuators from now on, were tested individually
by placing them directly in front of the PMT window in order to measure the amount of scintillation
light passing through. Half of them were made using a lathe with a backplate for supporting the
material (batch 1). The other half was produced with a mill which utilized vacuum suction for
material support (batch 2). The attenuator thicknesses were determined using a Mitutyo ID-F150
digital dial gauge. Each attenuator was measured at 49 points distributed uniformly in (r2, ϕ) over
the area covering the PMT window. The results can be found in Table 1. Attenuators belonging
to the second batch show, on average, a more homogeneous thickness across their surface than
the ones produced in the first batch. This can be explained by a better sample support due to the
vacuum table during the production of batch 2. In addition, a measurement without attenuator was
performed.
After each measurement, the setup needs to be opened to exchange the attenuator. Since
impurities from the air, such as water, could cause additional attenuation of the scintillation light
due to absorption [22], the opening is performed inside a gas-tight bag continuously flushed with
nitrogen. To guarantee equivalent conditions among the different measurements, special attention
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Table 1. List of the PTFE attenuators used in the GXe setup. Values given for the thickness and its error are
taken from themean and the standard deviation of the 49measurementsmade for each attenuator, respectively.
attenuator thickness [µm] production batch
1 97± 2.2 2
2 283± 4 2
3 442± 6 1
4 738± 1.3 2
5 965± 4 1
6 1310± 26 1
was paid to the outgassing of the PTFE attenuators themselves. All of them were cleaned by
applying a detergent and rinsing them three times using de-ionized water. Afterwards, the samples
were submerged in ethanol and put into a drying chamber through which a continuous flow of
200 sccm nitrogen at a pressure of 50mbar is maintained. Exchange of each sample was done
following a timed schedule, such that setup opening, evacuation, and xenon filling durations as well
as the time between data taking and evacuation start were kept the same. The maximum deviation
from this schedule during the measurement campaign is estimated to be smaller than 2 min.
The results of the measurement described above are cross-checked with measurements using a
local LXe TPC, Heidelberg Xenon (HeXe) [23, 24], illustrated in Figure 2.
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Figure 2. Simplified diagram of the HeXe TPC which is encased in PTFE. Attenuators are colored in black
here for easier visibility.
It contains a cylindrical sensitive volume of 5.6 cm diameter and 5 cm height enclosed by PTFE.
Electric fields are generated by three electrodes having a hexagonal meshed structure — anode,
gate, and cathode — together with three field-shaping rings, all of them made out of stainless
steel. Cathode, field-shaping rings and gate are connected in series via 1 GΩ resistors and define
a homogenous drift field by applying a voltage between cathode and gate, while a voltage applied
between gate and anode creates the extraction field. To detect the scintillation light, Hamamatsu
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R6041-406 PMTs are placed at the top and bottom of the sensitive volume, respectively. They are
periodically calibrated in situ following the technique described in [25].
For the measurements presented here, data from 83mKr and 222Rn decays inside the TPC were
acquired. 222Rn is extracted from an aqueous 226Ra solution by freezing it into an active charcoal
trap, while 83mKr is continuously emanated from 83Rb-containing zeolite beads [26, 27] inside a
stainless steel tube. Both unstable nuclides can individually be mixed into the xenon via a gas
purification system, by directing the gas flow through either of the two sources. α-decays from
the 222Rn decay chain cannot be accurately measured in HeXe due to their scintillation signals
saturating the PMTs. To prevent this saturation, light attenuators made from PTFE were installed.
Their respective thicknesses were chosen, based on the findings made using the GXe setup operated
at room temperature. They were wiped with ethanol in an N2 atmosphere and inserted into the TPC
following the same opening procedure as in [28].
3 Data analysis
3.1 Room temperature measurements
In the room temperature setup, the amount of scintillation light transmitted through the PTFE discs
is determined by finding and integrating over the PMT signals using the same data processor as
described in [23]. Figure 3 shows the part of the scintillation spectrum corresponding to the full
absorption of the 241Am α-particle for each attenuator (normalized to the peak maximum). The
peak’s shape is found to be well described by a two-sided Gaussian function of the form:
f (x) = N ·

e−
1
2
(
x−µ
σ1
)2
x < µ
e−
1
2
(
x−µ
σ2
)2
x ≥ µ
(3.1)
Here, µ represents the central peak position, with the σi representing the peak widths left
and right to the central position respectively and N being a scale factor. After a preliminary
manual fit for extracting initial values for the widths (σ′i ), the range of the final fit is constrained to
[µ − 2σ′1, µ + 2σ′2] as indicated by the solid lines in Figure 3. Dashed lines show the continuation
of the functions outside of the fit range and indicate reasonable agreement of the data with the fit.
In all measured spectra, the peak is well above the cutoff caused by the threshold of the external
discriminator used for triggering the acquisition of data.
In addition to the full absorption peaks shown in Figure 3, each spectrum exhibits two additional
features. At twice the average signal size of each full absorption peak, an additional peak is
observed which corresponds to two α-decay signals from pile-up. This has been confirmed on
signal waveforms. Another peak, located at < 25% of the full absorption peak mean, can be
explained by α-particles stopped by the top ring of the source holder. This can happen in cases
when a particle is emitted under a shallow angle relative to the source surface. As a consequence,
they deposit only a fraction of their energy in the xenon gas, leading to a reduction of scintillation
light. This hypothesis is qualitatively confirmed by using a Monte Carlo simulation to determine
the track length distribution for particles which are stopped by the source holder and comparing it
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Figure 3. Full absorption peaks of 241Am α-decays measured in the room temperature setup. Spectra were
normalized to their respective peak height. A two-sided Gaussian is fit to each peak, with the fit range
indicated by the solid lines.
to the range in GXe (determined to be 21mm on average using SRIM [29]), assuming the amount
of light to be proportional to the track length.
Besides the statistical errors from the fit, systematic errors affecting the average signal size
are also taken into account. The most relevant one is due to variations in the distance between the
241Am source and the PTFE attenuator of up to 3mm in either direction. The related uncertainty was
estimated using an optical simulation and amounts to 4%. Another contribution (0.7%) comes from
an observed linear decrease in light yield during each measurement, likely caused by emanation of
impurities into the xenon as soon as it is filled into the setup. Although the decrease is corrected for,
the remaining error comes from possible variations of the measurement schedule which result in
the time between data acquisition and setup filling to differ up to ∆t = 1min. Furthermore, potential
variation of the PMT’s gain between measurements could introduce an additional uncertainty of
0.6%, as its operating voltage could only be set with an accuracy of ∆V = 1V. Finally, the impact of
the fit range choice is also accounted for by varying the fit interval endpoints between ±1σ . . .± 3σ
(up to 1.5%). While the pressure of the filled xenon gas varied up to 0.6%, the impact on the light
yield is assumed to be negligible [30].
3.2 HeXe measurements
To assess the PTFE transmissivity in LXe, two sets of attenuators were inserted into the TPC de-
scribed in Section 2. Their respective thicknesses and positions within the detector are summarized
in Table 2. Given the inhomogeneous thickness introduced by a hole drilled into the 3.3mm thick
disc covering the top PMT in the second measurement, this attenuator is not taken into account
for further comparisons. For each set of attenuators, α-decays in the TPC’s sensitive volume of
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222Rn and its daughters 218Po and 214Po, which are α-emitters themselves, were recorded during
dual-phase operation. The average amount of light seen by each photosensor is then determined by
first selecting decays which happened within ±1 mm of the drift volume center. Then, the amount
of prompt scintillation light seen by the top PMT is plotted against the amount seen by the bottom
one. Finally, a 2D Gaussian is fitted to the population corresponding to the α-decays. The decays
are grouped together as the full absorption peaks expected for each of them cannot be resolved
separately.
Table 2. PTFE attenuators used in the HeXe setup for comparison of their attenuation in LXe.
attenuator measurement PMT phase thickness
1
a
top GXe 175 µm
2 bottom LXe 550 µm
3
b
top GXe 3.3mm *
4 bottom LXe 700 µm
* Attenuator with inhomogeneous thickness due to a hole.
To compare the average amount of light seen in HeXe with the room temperature setup data,
the expected amount of light for 222Rn (daughter) α-decays in HeXe without attenuators needs to
be estimated. As such measurements suffer from signal loss due to PMT saturation effects, this
quantity can only be determined indirectly. Therefore, the signal size of 83mKr decays as recorded
by the top/bottom PMT in the HeXe setup without attenuators (LYHeXe(Kr)t,b), is multiplied with
the signal size ratio between 222Rn and 83mKr signals as observed in XENON1001 [31, 32]. In
the latter, PMT saturation effects when recording α-decays were significantly less pronounced and
could be corrected for. Decays of 83mKr cannot be used to compare light levels with and without
attenuator on their own, as they generate too little light which makes them non-detectable when
the attenuators mentioned in Table 2 are present. In addition, the signal needs to be corrected for
the modified probability for a photon to reach the top or the bottom PMT due to reflection off the
PTFE attenuators. This is necessary to disentangle the effects of both reflection and absorption on
the photon detection efficiency. The correction is applied by multiplying the amount of light seen
by each PMT with a factor which depends on the probability for a photon to hit the PMT if no
absorption were to take place in either attenuator (called P from now on). An optical GEANT4 [33]
simulation of the HeXe setup was used to study how the presence of PTFE attenuators modifies P.
Absorption inside the simulated PTFE attenuators was disabled. The correction factor is given as
the ratio between P(no attenuators) and P(with attenuators). The attenuation factor γi for the PTFE
piece in front of PMT i = {t, b} can then be calculated using the following equation:
γi =
[
LYHeXe(Rn)
LYHeXe(Kr)
]
i={t,b}
·
[
P(no attenuators)
P(with attenuators)
]
i={t,b}
· LY
XE100(Kr)
LYXE100(Rn) . (3.2)
Because no dedicated reflectivity measurements of the PTFE pieces could be made, a range
of potential values taken from attenuation measurement data and literature has to be taken into
1LYXE100(Kr)/LYXE100(Rn) = 173 ± 4
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account. Reflectivity of PTFE in the GXe phase is assumed to be 76% based on room temperature
setup data (explained in Section 4). For PTFE without a dedicated surface finishing, a reflectivity
of 96% is assumed when immersed in LXe, similar to values reported for example by [17]. To
quantify the uncertainty due to the range of potential reflectivities, the assumed values are varied
by ± 30%, covering the range of typical literature values for the reflectivity of PTFE [14, 17]. This
yields an estimate for the relative systematic uncertainty of about 50%. The impact of variations
in the liquid level height as well as the reflectivity of the stainless steel meshes was investigated as
well, but found to be subdominant.
4 Results and discussion
The observed average α-decay signal size is calculated as described in Sections 3.1 and 3.2 as a
function of the thickness of the PTFE attenuator used for the corresponding measurement. Figure 4
shows the data of the room temperature setup in purple, while the measurements in the HeXe setup
are shown in orange and green for attenuators placed in the gas and liquid xenon phase, respectively.
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Figure 4. Average α-decay xenon scintillation signal size in photo electrons (PE) versus PTFE attenuator
thickness. The data acquired at room temperature (purple markers) are fitted with a modified Beer-Lambert
function (equation 4.1), where the red shaded regions are the respective confidence bands of the fit function.
For data points inferred using theHeXe setup, statistical uncertainties are shown separately from the combined
error. The contribution of the former is indicated with vertical bars in the same color as the data point, while
the combination of both the statistical uncertainty and systematic uncertainties from the optical simulation is
shown using a brighter shade.
Assuming the Beer-Lambert law to be applicable, the amount of light I transmitted through a
PTFE attenuator of thickness d is modelled by:
I(d) = A · e− dλ + B, (4.1)
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where A denotes the amount of transmitted light expected for an infinitesimally thin attenuator and
λ represents the transmission coefficient of the medium. The constant offset B allows for scattered
light bypassing the attenuator to be taken into account which is found to be necessary to explain the
data. Equation 4.1 is fit to the room temperature data (purple points, excluding the data point taken
without attenuator) by minimizing χ2 in order to extract the transmission coefficient, giving
λ =
(
350+60−0 (sys) ± 50 (stat)
)
µm.
Here the statistical uncertainty of ±50 µm is determined from the fit, taking into account variations
of the PTFE thickness, as well as the uncertainties on the light level which are detailed in 3.1.
The data point obtained without attenuator deviates from the value expected by extrapolation
of the fit result. We explain this by the additional amount of light that enters the PMT in this case,
as in measurements with attenuators, PTFE reflection reduces the amount of incoming light. Using
this measurement, a reflectivity of about 76% of the used PTFE in GXe is found.
Since scintillation light is produced isotropically along the track length of the α-particles,
photons do not always arrive perpendicular with respect to the attenuator surface. Consequently, the
amount of PTFE traversed before reaching the PMT depends on the angle of incidence, resulting in a
larger effective thickness of the attenuators. The distribution of incident angles has been determined
using an optical GEANT4 simulation of the room temperature setup, assuming isotropic emission
of photons within a hemispheric region around the 241Am source having a radius of 21mm. The
mean traversed PTFE thickness varies for different assumptions made on the reflective properties of
the stainless steel tube. To get an estimate for the reflectivity of stainless steel for xenon scintillation
light, the measurements reported in [34] were extrapolated to the wavelength of 175 nm. Given the
unpolished surface of the tube’s steel and that no dedicated surface finishing has been applied, 30%
diffuse reflectivity were assumed. Under this assumption, the average traversed length would then
be increased by a factor of 1.16, leading to a 16% larger transmission coefficient. For the highest
reported VUV reflectivity of stainless steel (57%) [35] and under the conservative assumption of
pure specular reflection, which was found to yield more extreme incident angles than pure diffuse
reflection, the effective thickness would be larger by a factor of 1.47 compared to the geometric
thickness. Since the exact reflective properties of the used steel are unknown, this effect can not be
corrected for. It is therefore reflected by the asymmetric systematic uncertainty of up to +60 µm on
the result.
Finally, in order to compare data obtained from both setups with each other, HeXe data points
need to be scaled in order to match the light level of the room temperature setup. Consequently, the
attenuation factor of each attenuator in the HeXe setup is first determined as described in 3.2. It is
then applied to the expected 241Am signal size in the room temperature setup without attenuator,
estimated by extrapolation of the fit function to a PTFE thickness of 0mm. All three data points
agree with the fitted line within the combined systematic and 1σ statistical error.
5 Conclusion
The transmission coefficient of PTFE for xenon scintillation light has been determined for the first
time using a setup filled with GXe at room temperature, yielding:
λ =
(
350+60−0 (sys) ± 50 (stat)
)
µm.
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Complementary measurements with PTFE attenuators inside the HeXe LXe TPC were conducted
in addition to verify the result under realistic detector conditions. Their results agree within
the statistical and systematic errors with values expected when using the transmission coefficient
estimate.
While PTFE is a commonly-used material in LXe detectors due to its high reflectivity for xenon
scintillation light, it is desired to reduce its amount to minimize radiogenic background. Knowledge
of the transmission of xenon scintillation light thus helps in optimizing the design of future detectors
such as DARWIN [36]. The results obtained in this study imply, that PTFE of a few mm thickness
is sufficient to optically decouple detector regions from each other.
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